The herbicide paraquat (PQ) has increasingly been reported in epidemiological studies to enhance the risk of developing Parkinson's disease (PD). Furthermore, case-control studies report that individuals with genetic variants in the dopamine transporter (DAT, SLC6A) have a higher PD risk when exposed to PQ. However, it remains a topic of debate whether PQ can enter dopamine (DA) neurons through DAT. We report here a mechanism by which PQ is transported by DAT: In its native divalent cation state, PQ 2+ is not a substrate for DAT; however, when converted to the monovalent cation PQ + by either a reducing agent or NADPH oxidase on microglia, it becomes a substrate for DAT and is accumulated in DA neurons, where it induces oxidative stress and cytotoxicity. Impaired DAT function in cultured cells and mutant mice significantly attenuated neurotoxicity induced by PQ + . In addition to DAT, PQ + is also a substrate for the organic cation transporter 3 (Oct3, Slc22a3), which is abundantly expressed in non-DA cells in the nigrostriatal regions. In mice with Oct3 deficiency, enhanced striatal damage was detected after PQ treatment. This increased sensitivity likely results from reduced buffering capacity by non-DA cells, leading to more PQ + being available for uptake by DA neurons. This study provides a mechanism by which DAT and Oct3 modulate nigrostriatal damage induced by PQ 2+ /PQ + redox cycling.
The herbicide paraquat (PQ) has increasingly been reported in epidemiological studies to enhance the risk of developing Parkinson's disease (PD). Furthermore, case-control studies report that individuals with genetic variants in the dopamine transporter (DAT, SLC6A) have a higher PD risk when exposed to PQ. However, it remains a topic of debate whether PQ can enter dopamine (DA) neurons through DAT. We report here a mechanism by which PQ is transported by DAT: In its native divalent cation state, PQ 2+ is not a substrate for DAT; however, when converted to the monovalent cation PQ + by either a reducing agent or NADPH oxidase on microglia, it becomes a substrate for DAT and is accumulated in DA neurons, where it induces oxidative stress and cytotoxicity. Impaired DAT function in cultured cells and mutant mice significantly attenuated neurotoxicity induced by PQ + . In addition to DAT, PQ + is also a substrate for the organic cation transporter 3 (Oct3, Slc22a3), which is abundantly expressed in non-DA cells in the nigrostriatal regions. In mice with Oct3 deficiency, enhanced striatal damage was detected after PQ treatment. This increased sensitivity likely results from reduced buffering capacity by non-DA cells, leading to more PQ + being available for uptake by DA neurons. This study provides a mechanism by which DAT and Oct3 modulate nigrostriatal damage induced by PQ 2+ /PQ + redox cycling.
neurodegeneration | extraneuronal monoamine transporter | astrocytes | in vivo microdialysis P arkinson's disease (PD) is characterized primarily by the loss of dopamine (DA) neurons in the substantia nigra pars compacta (1) . Although in past decades discoveries of genetic mutations linked to PD have significantly impacted our current understanding of the pathogenesis of this devastating disorder, it is likely that the environment plays a critical role in the etiology of sporadic PD. Human epidemiological studies indicate that exposure to herbicides, pesticides, and heavy metals increase the risk of PD. One such environmental toxicant is paraquat (PQ 2+ , N,N′-dimethyl-4-4′-bipiridinium) (2, 3) . This molecule exists natively as a divalent cation, but can undergo redox cycling with cellular diaphorases such as NADPH oxidase and nitric oxide synthase (4) (NOS) to yield the monovalent cation PQ + . From this redox cycle, superoxide is generated, leading to oxidative stress-related cytotoxicity. (For clarity and brevity, the abbreviations PQ 2+ and PQ + will be used to signify the respective cations, whereas PQ represents a general term when the valency is ambiguous.) On the basis of its structural similarity to 1-methyl-4-phenylpyridinium (MPP + ), an active metabolite of the parkinsonian agent 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (5) , PQ 2+ has been predicted to be a potential environmental parkinsonian toxicant (6) , and with subsequent recent epidemiological studies (2, 3) , there has been increasing interest in this herbicide as a potential pathogenic agent in PD.
When PQ 2+ is injected into mice, it induces a loss of nigral DA neurons, but the striatum is spared (7, 8) , most likely due to compensatory striatal sprouting in the remaining neurons (9) . In addition, PQ 2+ induces α-synuclein up-regulation and aggregation (10) , a neuropathological feature detected in PD patients. In a recent case-control study (2) , PQ 2+ was reported to increase the risk of PD in subjects with certain genetic variants in the dopamine transporter (DAT). Together, these studies support the neurotoxic role of PQ 2+ in the nigrostriatal system and highlight the need to understand the mechanism by which PQ 2+ induces toxicity. However, to date, the very fundamental questions of whether and, if so, how PQ 2+ enters DA neurons remain unanswered (11) . In the present study, we describe a mechanism by which PQ 2+ enters DA neurons. We propose that, in the brain, PQ 2+ is reduced to PQ + extracellularly by enzymes such as NADPH-oxidase on microglia. In contrast to its parent compound, PQ + is a DAT substrate and is therefore accumulated in DA neurons where it establishes a new redox cycle intracellularly, leading to the generation of superoxide and DA reactive species and, ultimately, neurotoxicity. Blocking DAT function abolished PQ + neurotoxicity in both cells and living mice. In addition to DAT, PQ + is also a substrate for the organic cation transporter-3 (Oct3), a bidirectional transporter that is highly expressed in astrocytes and GABAergic neurons in the nigrostriatal regions (12, 13) . Together, these two transporters function in a concerted manner to mediate nigrostriatal damage. Collectively, our data point to an interplay between DA and non-DA cells mediated, respectively, by DAT and Oct3, which modulate the function and viability of the nigrostriatal pathway.
Results

PQ
2+ Induces Striatal Neurotoxicity and DA Overflow in Mice with Oct3 Deficiency. We recently reported that Oct3 can modulate toxicity in the dopaminergic system through its bidirectional transport capability of various toxic cations (12) . In the present study, we asked whether this mechanism was also relevant to PQ 2+ . To this end, we injected Oct3-null (Oct3 wild-type littermates intraperitoneally (i.p) with PQ 2+ . Consistent with the neurotoxic features of PQ 2+ on the nigrostriatal system (7, 14) , we detected a loss of nigral DA neurons (∼22%) (Fig. 1A) . Quantification of total Nissl-positive neurons confirmed that this reduction was due to cell loss, and not to down-regulation of the phenotypic marker tyrosine hydroxylase (TH) (saline control group: 15,438 ± 532; PQ 2+ treated group: 12,364 ± 522, n = 5 mice/group; data represent mean ± SEM). Although comparable loss of DA neurons was also observed in Oct3 −/− mice treated with PQ 2+ , we also observed a significant reduction (∼40%) in immunoreactivity of striatal TH (the rate limiting enzyme for DA production) in Oct3 −/− but not in Oct3 +/+ mice (Fig. 1B) . HPLC analysis confirmed a corresponding reduction in total striatal DA content (Fig. 1C) . This lack of DA reduction in wild-type mice despite a loss of DA neurons is proposed to be related to the compensatory up-regulation of TH activity in the striatum after PQ 2+ injection (9) . On the basis of our previously proposed function of Oct3 in mediating the neurotoxicity of methamphetamine (12) , it is possible that the striatal neurotoxicity observed in the Oct3 −/− mice was due to a reduced PQ buffering capacity in non-DA cells, and, hence, more PQ was available for DAT-mediated transport into DA terminals. (Fig. S1 ). Thus, although the microdialysis data suggest that, in the absence of Oct3 function, PQ somehow leads to striatal DA release and subsequent neurotoxicity, the mechanism for these effects is unclear, given that PQ 2+ does not appear to interact functionally with DAT on the basis of its inability to inhibit MPP + transport by DAT (Fig. 1E) . was not taken up into cells through these transporters, as shown in the dose-response studies (Fig. 2 A-C) . This is consistent with the inability of PQ 2+ to interfere with MPP + uptake (Fig. 1E ) and a previous study reporting that PQ 2+ was not transported by DAT (11) . We hypothesized that the two positive charges on PQ 2+ may interfere with its ability to be transported by Oct3 and DAT, as both transporters favor monovalent cations as substrates. To test this hypothesis, we performed transport studies in the presence of sodium dithionite (SDT). This reducing agent was used to donate an electron and hence convert PQ 2+ to PQ + as previously described (17) . After PQ 2+ was converted to PQ + , the intracellular content of PQ was dramatically higher in stable cells expressing Oct3 (Fig. 2B) or DAT (Fig. 2C) as determined by HPLC. That Oct3 accumulated more PQ + than did DAT could relate to transporter expression level, the affinity and maximal transport rates of the transporters, and the different driving forces. To rule out the possibility that the observed increased uptake in the presence of SDT was due to redox action of this agent on the transporters, we performed a transport study using stable DAT cells and MPP + as a substrate because this molecule is not affected by SDT (Fig. S2) To determine whether higher uptake of PQ + in cells would lead to more oxidative stress and cytotoxicity, we assessed the levels of reactive oxygen species (ROS) and cell viability. Cells were treated with PQ 2+ for 20 min with or without SDT as performed for Fig. 2 A-C. This short treatment of SDT with PQ 2+ dramatically increased intracellular levels of ROS in stable cells with Oct3 or DAT expression, but not in those with empty vector (Fig. 2 D-F) . As expected, the control treatment of H 2 O 2 , which does not need a transporter to enter cells, increased ROS production in all cell types. The increase in ROS levels induced by PQ + subsequently led to higher cytotoxicity ( Fig. 2 G-I 
+ induced the same extent of toxicity in EM4 cells regardless of whether it entered cells through Oct3 or DAT (Fig. 2) . These results raise the question of why in animal models DA neurons are more vulnerable to PQ toxicity (7) . DA itself has been suggested to contribute to the enhanced cytotoxicity of PQ in DA neurons as DA is known to generate reactive species through processes such as auto-oxidation, enzymatic metabolism, or interactions with the products (such as superoxide) generated from the redox cycling of PQ 2+ / PQ + (18) . To test this hypothesis, ROS and cell viability was measured with or without the addition of 50 μM DA. In the 
Oct3
+/+ littermates (10-12 wk old) were injected with PQ 2+ (10 mg/kg, i.p., every second day for a total of 10 injections) or saline. Seven days after the last injection, mice were processed for stereological cell counting (A), striatal tyrosine hydroxylase immunoreactivity (B, optical density), or HPLC measurement of DA content (C ). n = 5 animals per group for A and B and n = 5-9 per group for C. *P < 0.05, analyzed by two-way ANOVA followed by the Newman-Keuls post hoc test. (D: in vivo microdialysis study) Oct3 −/− and Oct3 +/+ littermates (10-12 wk old) were stereotactically implanted with microdialysis probes into the right striatum. After 2 h of equilibration, dialysates were collected every 30 min for 1 h before PQ 2+ injection (15 mg/kg, i.p.) for baseline measurements (pooled for 0 time point) and for an additional 3 h after the injection, followed by HPLC analyses for DA. n = 7 animals per group. Area under the curve was generated using GraphPad Prism followed by a two-tailed t test. *P < 0.05 compared with the Oct3 +/+ group. (E: transport study) Uptake of tritiated MPP + was assessed in EM4 cells (modified human embryonic kidney cells; SI Materials and Methods) with stable expression of DAT or empty vector control. Uptake reaction mediated by DAT was assessed in cells preincubated with 500 μM PQ 2+ up to 60 min and compared with the control group ("C") without PQ 2+ preincubation. n = 3-5 independent experiments in quadruplicate.
presence of this nontoxic concentration of DA, PQ + induced a dramatic increase in ROS (Fig. 3A ) and cell death ( Fig. 3C ) in DAT cells, but not in EV cells (Fig. 3B ). This enhanced ROS production and cell death was blocked by the DAT inhibitor GBR12909 and was absent when DA was replaced by the DATsubstrate tyramine, which has a similar structure to DA (but only one hydroxyl substituent on the phenyl ring). The metabolism of tyramine requires monoamine oxidase; however, EM4 cells contain only catechol-O-methyltransferase, and thus, only DA can be metabolized to reactive species in these cells. Consistent with the low affinity of Oct3 for DA (K m = 1.5 mM) (19), we observed that addition of 50 μM DA did not further increase ROS (Fig. 3A) in Oct3-expressing cells. Together, these results support the significant role that DA contributes to selective cell death in PQ toxicity. and blocking this enzyme in mouse microglia decreases ROS production (18), we assessed the role of NOS in converting PQ 2+ to PQ + in our cell culture paradigm. Our results indicate that, after treating human microglia with the same concentration of N-nitro-L-arginine methyl ester (L-NAME) (a NOS inhibitor) as To assess whether the observed ROS production would lead to cytotoxicity, cell viability was performed (G-I). Cells were treated with PQ 2+ and SDT as shown in D-F, washed, and grown in cell culture medium for another 48 h before a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed. n = 4 independent experiments in quadruplicate, analyzed by two-way ANOVA followed by the Newman-Keuls post hoc test. *P < 0.05 compared with the respective control groups without SDT. Fig. 3 . DA enhances ROS production and cytotoxicity induced by PQ + . EM4 cells with empty vector, Oct3, or DAT expression were treated with 200 μM PQ 2+ plus 0.5 mM SDT for 20 min. Then the cells were washed and incubated in culture medium with or without 50 μM DA, 50 μM tyramine, or 1 μM GBR12909 (a DAT inhibitor). H 2 O 2 (30 μM for 1 h) was used as a positive control for ROS production. After 48 h, cells were assessed for ROS levels using flow cytometry (A). In a parallel set of experiments, cells with empty vector (B) and DAT (C) treated with varying concentrations of PQ 2+ as described in A were assessed for cell viability using a MTT assay. n = 4 independent experiments in quadruplicate, analyzed by one-way ANOVA followed by the Newman-Keuls post hoc test. a P < 0.05 compared with respective EV; b P < 0.05 compared with the respective Oct3 groups; *P < 0.05. previously described (18), we did not see a decrease in PQ + uptake into cocultured Oct3 or DAT stable cells. These results suggest that human microglia are not capable of taking up PQ to interact with intracellular NOS. Alternatively, our results are consistent with previous studies reporting that human microglia either have no or very low NOS activity (20) (21) (22) , in contrast to rodent microglia (23, 24) . Regardless of whether human microglia are capable of performing this conversion via NOS, our results support that, under in vivo conditions, it is likely that PQ 2+ can be converted to PQ + at least by NADPH oxidase before being transported into DA neurons to induce neurotoxicity.
Mutant Mice with Hypomorphic DAT Are Resistant to PQ Neurotoxicity. If PQ 2+ could be converted to PQ + in vivo and then taken up by DA neurons through DAT to induce toxicity, then reducing DAT function should reduce neurotoxicity. Therefore, we used a genetically engineered mouse model ( Fig.  S3 ) with an almost complete loss of DAT expression (Fig. 5 A-C) . The small amount of residual DAT (< 5%) (Fig. 5 A and B) allows for normal survival rates and normal lactation in these mutant mice, which did not require cross-fostering at birth like DAT −/− mice (25) . When injected with PQ 2+ , mice homozygous for hypomorphic DAT exhibited no loss in nigral DA neurons (Fig. 5D ) in contrast to their wild-type littermates. Because DAT −/− mice have been reported to display modest reductions of TH in the midbrain (26) and because our in vitro data suggest that cytosolic DA can modulate PQ toxicity, we assessed whether such alterations were present in this hypomorphic DAT model. HPLC analyses of the midbrain demonstrate that DA levels (Fig.  5E) were comparable between genotypes, thereby eliminating the possibility that lower DA levels in the cell bodies may account for the resistance to PQ toxicity. We did observe significantly decreased striatal DA content in DAT hypomorphic mice (Fig. S4B ), but, due to the lack of PQ toxicity observed in the striatum of wild-type and mutant mice (Fig. S4) , the significance of the altered DA content in this region relating to cytotoxicity cannot be determined. In summary, the lack of PQ-induced neurodegeneration in DAT hypomorphic mice strengthens the role of this transporter in mediating PQ neurotoxicity.
Discussion
After the discovery of MPTP as the cause of acute parkinsonism in a group of drug abusers (5) and the subsequent characteriza- Fig. 4 . Microglia promote the conversion of PQ 2+ to PQ + through NADPH oxidase. Stable EM4 cells expressing Oct3, DAT, or empty vector control were grown on glass coverslips for 24 h. These coverslips were then transferred to six-well plates on which a monolayer of human microglial immortalized cells (CHME5) had been plated for 24 h. Different concentrations of PQ 2+ were added to these cocultures. After 24 h of PQ 2+ addition, the uptake of PQ + into EM4 cells was evaluated by removing the coverslips from the cocultures and collecting cells for HPLC measurement (A-C). To determine whether increased uptake of PQ + was mediated by NADPH oxidase or nitric oxide synthase (NOS), apocynin and L-NAME, respectively, were added to the cocultures (D-F). Inhibition of NADPH oxidase by apocynin, but not NOS by L-NAME, significantly reduced PQ + transport into Oct3 or DAT cells. n = 4 independent experiments, analyzed by one-way ANOVA followed by the Newman-Keuls post hoc test. *P < 0.05 compared with the PQ 2+ alone group; # P < 0.05 compared with PQ 2+ plus microglia group as well as PQ
2+
plus microglia plus the L-NAME group. The reduced uptake of PQ + in the presence of apocynin resulted in less cytotoxicity (G-I) as assessed by using an MTT assay 48 h later. n = 4 independent experiments, analyzed by oneway ANOVA followed by the Newman-Keuls post hoc test. *P < 0.05 compared with all other groups. Immunofluorescence of TH and DAT in coronal midbrain sections containing the substantia nigra and ventral tegmental area. [Scale bars: 400 μm (a′-c′, g′-i′), 100 μm (d′-f′, j′-l′).] No apparent differences in morphology of midbrain DA neurons was noted between mutant and wild-type mice. Stereological cell counting confirmed comparable population of nigral DA neurons (D) and midbrain DA levels (E) in these mutant mice. (D) To assess the effects of PQ toxicity in these animals, DAT wild-type mice and their homozygous mutant littermates (∼10 wk old) were injected with PQ 2+ (10 mg/kg, i.p., every second day for a total of 10 injections) or saline. Seven days after the last injection, mice were processed for stereological cell counting. n = 4-5 animals per group, analyzed by two-way ANOVA followed by the Newman-Keuls post hoc test. *P < 0.05 compared with the control saline-treated group.
tion of MPP + as the active metabolite of MPTP (27) , a search for environmental contaminants with a similar structure to MPP + was initiated. The widely used herbicide PQ 2+ was identified as such an agent and was suggested to be a potential environmental parkinsonian toxicant (6) . Supported by epidemiological studies, especially in recent years (2, 3) , there has been an interest in further investigating the mechanism by which this molecule induces dopaminergic neurodegeneration.
In the present study, we demonstrated that, when PQ 2+ was reduced to the monovalent cation PQ + , it was efficiently taken up by cells through DAT and Oct3. This conversion took place in the presence of either a reducing agent or NADPH oxidase on microglia. The increase in intracellular content of PQ resulted in higher ROS production and cytotoxicity. When PQ + was combined with a nontoxic concentration of DA, significant increases in ROS levels and cell death were detected, suggesting that DA itself may contribute to the vulnerability of DA neurons to PQ toxicity. Either blocking the uptake of PQ + through DAT or blocking the conversion of PQ 2+ mediated by NADPH oxidase resulted in lower intracellular content of PQ and its subsequent ROS production and cell death. In aggregate, these results demonstrate that, although the initial divalent form of PQ 2+ is not toxic to cells, its monovalent metabolite can enter DA neurons through DAT to induce oxidative damage. This scenario is analogous to the fact that, although MPTP itself is not toxic, its metabolite MPP + is the culprit in DA cell death (28) . The toxic effect of PQ 2+ mediated by microglia through redox cycling of NADPH oxidase has been reported (18, 29) . Although the expression of this enzyme has been well documented in microglia, it is also present in astrocytes (30) and DA neurons (31) . In mice deficient in gp91 phox (a functional subunit required by NADPH oxidase), PQ 2+ failed to induced neurotoxicity (29, 32) . NADPH oxidase is composed of three cytosolic and two membrane-bound subunits. When activated, the cytosolic subunits translocate and bind to the membrane-bound subunits (p22 and gp91) and produce extracellular superoxide. Thus, this enzyme can induce redox cycling of PQ 2+ extracellularly. Therefore, the mechanism of PQ 2+ toxicity mediated by NADPH oxidase has been suggested to be mediated by extracellular superoxide (29, 32) . Although it is likely that this oxidative stress pathway is involved in PQ 2+ toxicity, it has been a topic of debate how PQ 2+ can enter DA cells to induce oxidative stress intracellularly. On the basis of our data, we propose that PQ + is generated from the extracellular redox cycling and then taken up into DA neurons where it establishes a new round of redox cycling and, together with DA, induces neurodegeneration. Consistent with our theory that PQ 2+ is a protoxicant that must first be converted to an active metabolite, when we compared DA overflow induced by PQ 2+ and MPP + by separately infusing equimolar amounts of these molecules into the striatum using a microdialysis cannula (Fig. S5) , a peak of DA was detected about 2 h after PQ 2+ injection. This peak was much delayed and less pronounced than the one produced by MPP + . Although our results outline one mechanism by which PQ 2+ induces selective cell death in DA neurons, they do not address why the group of DA neurons in the ventral tegmental area (VTA) is insensitive to PQ 2+ toxicity (14, 33) . Di Monte and colleagues (33) previously reported that DA neurons expressing calbindin-D28K were resistant to neurotoxicity induced by PQ 2+ and that the number of calbindin-D28K -containing DA neurons in VTA was five times higher than in their counterparts in the nigra. Calbindin is a Ca 2+ -buffering protein that has been shown to be correlated with cell viability in PD (34, 35) . Consistent with these observations, recent studies demonstrated that the selective expression of L-type Ca 2+ channels is responsible for higher cytosolic Ca 2+ levels in nigral DA neurons (36) . When combined with synuclein and DA, these factors account for the selective cell vulnerability of nigral DA neurons (37) . Although the complex mechanisms of selective cell death in genetic or toxicantinduced models of PD will likely remain a topic of research for years to come, our demonstration of a mechanism through which PQ 2+ enters DA cells is a critical step in elucidating the pathogenic mechanism of this toxicant and perhaps other toxic redoxcycling molecules as well.
Our results also demonstrate that PQ + is a substrate for Oct3. The significance of Oct3 in PQ 2+ toxicity is illustrated by the observation that, in Oct3 −/− mice, PQ 2+ injection induced striatal damage in DA terminals. As discussed, this is an atypical toxic profile in the PQ 2+ mouse model of PD. That PQ + is a substrate for both Oct3 and DAT suggests opportunities for crosstalk between glia, non-DA neurons, and DA neurons. As proposed in Fig. S6 , when PQ 2+ reaches the striatum after systemic injection, it can be converted to PQ + by microglia and subsequently taken up into DA neurons by DAT and into astrocytes as well as medium spiny neurons by Oct3. Therefore, the initial direct target of PQ is not only DA neurons. Because Oct3 is bidirectional, the neighboring non-DA cells may act as a "sink" to store the excess of PQ right after injection and then act as a "source" to slowly release this cation (in the monovalent form) to neighboring DA neurons. Therefore, this slow release could induce a constant chronic state of oxidative stress to DA neurons. Consistent with this theory, for cell death to occur, animals have to be treated with PQ 2+ for at least 3-4 wk. Although our results further support the role of Oct3 in mediating neurotoxicity, it highlights the intriguing question of why striatal DA terminals are usually so resistant to PQ toxicity. It has been noted that different toxicants seem to affect the nigrostriatal structure differentially (9) . In the MPTP model, for example, both striatal terminals and nigral cell bodies are affected. In methamphetamine toxicity, only the terminals are damaged (unless a very high dose is used). Other neurotoxic models such as 6-hydroxydopamine and rotenone also induce more toxicity in the striatum. In PQ toxicity, however, only the cell body is affected, not the striatal terminals. Addressing the issue of regional vulnerability is beyond the scope of this study; however, Oct3 −/− mice may provide a useful model to study PQ toxicity when damage to both DA terminals and cell bodies is desired. It is worthwhile to note that Oct3 immunoreactivity has been reported to be higher in the striatum than in the niga (13) . A lower level of Oct3 (and hence, less buffering capacity) in combination with a high microglia population in the nigra might contribute to a higher sensitivity of the DA cell body compared with DA terminals when treated with PQ. This expression pattern is consistent with our finding that there is no damage to striatal terminals in wild-type mice, but significant damage in Oct3 −/− mice when treated with PQ. In a case-control study, Ritz et al. (2) report that individuals with certain allelic variants belonging to clade A of the DAT gene are more likely to develop PD when they also have "high" exposure to PQ and maneb, but not in the absence of this gene/ pesticide combination, suggesting a gene-environment interaction. This study also reports that a clade A diplotype is more strongly associated with the development of PD than clade B. A gene-dose effect is also observed. Combined with the in vitro observation that clade A haplotypes have higher transcriptional activity than clade B (38), these two studies are consistent with our observation that PQ toxicity requires DAT function. However, Ritz et al. (2) speculated that clade A variants with increased risk of PD in their study would result in a lower DAT expression (and, hence, in overall reduced function) on the basis in part of the following two studies. First, clade B variants increase the level of DAT expression as measured by PET imaging and binding studies in humans (39) . However, the impact of these genetic variations on levels of functional surface-expressed DAT in neurons is unknown. Second, on the basis of a cell culture study, PQ 2+ is not a substrate for DAT (11) . Although our findings are fully in agreement with this latter study, we have shown that PQ + is a substrate for DAT, that PQ + elevates reactive oxygen species, and that lowering DAT expression eliminates the neurotoxicity of PQ. The mechanism that we have discovered makes it more likely that disease-associated DAT variants have an overall DAT-enhanced function through which more PQ + is accumulated. Additional studies are required to directly test this hypothesis.
In summary, the present study describes a mechanism by which PQ enters DA cells to induce neurotoxicity. This information is critical to the paradoxical observations of a higher risk of developing PD in individuals with genetic variants in DAT and in individuals exposed to PQ 2+ (2) , despite the lack of PQ 2+ uptake by DAT (11) . By extension, other toxic molecules with the redoxcycling property might also use this mechanism to induce neurotoxicity. Combined with our previous study (12) demonstrating that both Oct3 and DAT functionally coordinate to modulate neurotoxicity of MPTP and methamphetamine (Fig. S6) , our present study has a broad mechanistic implication for neurotoxicity in the nigrostriatal pathway.
Materials and Methods
See SI Materials and Methods for description of animal models, paraquat treatment, stereological cell counts, in vivo microdialysis, HPLC measurements of striatal DA and its metabolites, cell cultures, transport assays, and oxidative stress assessment.
All statistical values are expressed as mean ± SEM. Differences between means were analyzed using either one-way or two-way ANOVA followed by Newman-Keuls post hoc testing for pairwise comparison using SigmaStat v 3.5. For in vivo microdialysis data, areas under the curve were generated using GraphPad Prism v 5.01 followed by a two-tailed t test. The null hypothesis was rejected when P value was < 0.05.
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Rappold et al. 10 .1073/pnas.1115141108 SI Materials and Methods Animals. Dopamine transporter (Dat, Slc6a) hypomorphic mice were generated by mutating the five N-terminal serines to alanine (S2A/S4A/S7A/S12A/S13A) to prevent phosphorylation (1). The mutations (S/A) were introduced into the mouse Dat gene by homologous recombination in mouse ES cells (129/Sv). Positive ES cells as determined by Southern blotting were injected into blastocysts of C57BL/6J mice, and these blastocysts were implanted into C57BL/6J foster females (Columbia University Transgenic Facility). The chimeras were crossed with 129SvEv mice, and germline-transmitting mice were crossed to a Cre deleter strain to remove a neomycin resistance cassette. Offspring with deleted neomycin were backcrossed for five generations to C57BL/6J mice. Mice heterozygous for the S/A mutations were crossed, and homozygous mice and control wildtype littermates were used for the designated experiments. Fig.  S3 summarizes the strategy for generating the DAT knock-in mice. In the present study, these mice are referred to as DAT hypomorphic mice because DAT expression was greatly reduced due to aberrant mRNA splicing. Unlike DAT-null mice (2), these DAT hypomorphic animals are grossly normal in behavior, life span, and breeding. Wild-type C57BL/6 mice for the experiments described in Fig. S5 were purchased from the Charles River Laboratories. The Oct3 (Slc22a3)-deficient mice were described previously (3).
In Situ Hybridization. The following procedures were largely based on previous studies (4) Freshly removed mouse brains were dissected and rapidly frozen in mounting medium (Tissue Tek, O.C.T. Compound 4583; Sakura), followed by brain sectioning (20 μm) using a Cryostat. These sections were then postfixed for 10 min in 4% paraformaldehyde in PBS (pH 7.4), dehydrated, and stored in 100% ethanol at 4°C until use. The slices were hybridized to three 44-base antisense oligonucleotides specific to the mouse mRNA at exon 1, exon 2, and exon 3 (exon 1 antisense, CCAGCGTCAGACTTCAGCTTTGAGGTCCTGTAA-GCCTCCAGTCG; exon 2 antisense, CTCTCTGGGGCCCA-CAGCATTGGGCTCTTTAGCCGGGGCCACCA; and exon 3 antisense, GAACTGCCCGAGAGCCAGCTCCATGTAGAA-GAGGGGCATCCCGG). These oligonucleotides (50 ng) were labeled with 50 μCi of [α33P]dATP (Perkin-Elmer) using recombinant terminal transferase (Roche). Hybridization was performed at 42°C in a solution containing 50% formamide (Fluka), 10% dextran sulfate, 4× SSC, 50 mM sodium phosphate (pH 7), 10 mM sodium pyrophosphate, 5× Denhardt's, 200 μg/ mL denaturated salmon sperm DNA, 200 μg/mL poly(dA), and 10 7 cpm/mL oligonucleotide. Slides were washed first at 60°C for 30 min and then with 1× SSC and 0.1 SSC at room temperature for 5 min. Slides were dehydrated with ethanol and exposed to film for 2 wk.
Paraquat Treatment in Mice. Ten-to 12-wk-old mutant mice and their wild-type littermates were injected with PQ 2+ (10 mg/kg, i.p., every second day for a total of 10 injections) or saline. Mice were killed 7 d after the last injection, perfused transcardially, and processed for immunohistochemical studies (3). All experiments were approved by the Institutional Animal Care and Use Committee of the University of Rochester.
Immunofluorescence. Coronal midbrain brain sections (30 μm) from mice were incubated with rat monoclonal anti-DAT (1:1,000; Chemicon) and polyclonal antibodies against tyrosine hydroxylase (1:1,000; Calbiochem), followed by the corresponding secondary antibodies Alexa Fluor 594 and 488 (Invitrogen). Images were scanned at 0.5-μm intervals throughout the whole section and analyzed using confocal microscopy (FV500; Olympus).
Stereological Cell Counting and Striatal Optical Density. Stereological cell counts and striatal optical densities of tyrosine hydroxylase immunoreactivity were quantified as described (3) .
HPLC Measurement of Dopamine in Striatal Tissues. Animals were killed 7 d after the last injection of PQ 2+ , and their striata were dissected out and processed for HPLC measurement as described (5) . Samples (20 μL) were injected manually into a Rheodyne sample injector (with a fixed loop of 20 μL) attached to a 12-channel CoulArray 5600A (ESA) and eluted on a narrowbore (i.d.: 2 mm) reverse-phase C18 column (MD-150; ESA) using MD-TM mobile phase (ESA) as previously described (3). A highly sensitive amperometric microbore cell (model 5041; ESA) was used to analyze the content of dopamine (DA) with a potential set at +220 mV.
In Vivo Microdialysis and HPLC Measurement of DA and Paraquat in Striatal Dialysates. The procedures of striatal stereotactic surgery and in vivo microdialysis are well described in our previous publication (3) . Briefly, after 2 h equilibration, the dialysates were collected every 30 min. Control samples were collected for 1 h before a single injection of PQ 2+ (15 mg/kg i.p.) to determine a baseline and for an additional 3 h after injection. The two baseline fractions were pooled and presented as the zero time point before injection. Samples from each animal were analyzed for the contents of DA as described above. The measurement of paraquat (PQ) was performed as described (6) and eluted on a narrowbore (ID: 2.1 mm) (Altima HP C18; Altech Associates) reverse-phase C18 column and detected by a UV detector at 260 nm using a mobile phase containing 0.1 M phosphoric acid, 7.5 mM 1-octanesulfonic acid, 0.1 M diethylamine, and 25 μM EDTA, pH 5.8. Levels of DA and PQ were calculated on the basis of the standard curves, probe efficiency (8%), flow rate, and duration of sample collection as described (3) . (7)] were stably transfected with mouse Dat in pcihygro as previously described (8) . Cells were grown in 24-well plates, and transport studies were performed as previously described (3) with the following minor modifications for competition assays: cells were preincubated with 500 μM PQ 2+ at 0, 15, or 60 min before the addition of [ 3 H]-1-methyl-4-phenylpyridinium (MPP + ) for 1 min. Radioactivity was measured using a liquid scintillation counter, and protein concentration was measured using the BSA assay. Data represent mean ± SEM from three to five independent experiments with four wells of cultures per experiment. (9, 10) . After 20 min, cells were washed with icecold PBS, lysed in cold 0.4 M perchloric acid, collected, soni-cated, and centrifuged at 14,000 × g for 15 min at 4°C. The pellets were set aside for protein measurements. The supernatants were neutralized with 20 μL of 1 M K 2 CO 3 /100 μL of supernatant, frozen at −80°C overnight to promote precipitation of the perchlorate, and then centrifuged again. Supernatants were stored at −80°C until HPLC assay. To study the effects of microglia on the transport activity of PQ 2+ , stable EM4 cells expressing Oct3, DAT, or empty vector control were grown on glass coverslips for 24 h. These coverslips were then transferred to six-well plates on which a monolayer of human microglial immortalized cells (CHME5) had been plated. PQ 2+ (200, 400, 600, or 800 μM) was added to these cocultures. After 24 h, the uptake of PQ + into EM4 cells was evaluated by removing the coverslips from the cocultures and collecting cells for HPLC measurement of intracellular PQ content as described above. To determine whether increased uptake of PQ + was mediated by NADPH oxidase or nitric oxide synthase, 0.5 mM apocynin or 5 mM N-nitro-L-arginine methyl ester (L-NAME), respectively, was added to the cocultures as previously described (11) .
Effects of Sodium Dithionite on MPP + Uptake Through DAT. Stable EM4 cells, DAT, or empty vector control were plated in 24-well plates and grown for 24 h. Cells were first pretreated with 0.5 mM SDT in degassed KRH buffer or buffer alone for 20 min, with or without the DAT inhibitor GBR12909 (1 μM). After incubation, cells were washed three times with degassed KRH buffer and then incubated with 200 μM MPP + in the presence or absence of 0. 5 mM SDT for 20 min. Following this second incubation, cells were washed three times in ice-cold KRH containing 1 μM GBR12909. Cells were then collected in ice-cold 5% Trichloroacetic acid, sonicated, and then centrifuged at 14,000 × g for 15 min. Supernatant was collected and used for HPLC, and cell pellets were resuspended in RIPA buffer for protein concentration assay.
Cell Viability. One day after plating, stable EM4 cells were treated with 200 μM PQ 2+ with or without sodium dithionite (0.5 mM). After 20 min of incubation, cells were washed and incubated with or without 50 μM DA or 50 μM tyramine for 48 h. For coculture studies, EM4 cells were grown on glass coverslips for 24 h before being transferred to six-well plates on which a monolayer of human microglia (CHME5) had been plated 1 d before. Varying concentrations of PQ 2+ with or without 0.5 mM apocynin were then added to these cocultures. To assess the viability of EM4 cells after 48 h treatment, these coverslips were removed and transferred to a new culture plate. Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay, as previously described (12) .
Oxidative Stress Assessment. After 24 h of growth in six-well plates, stable EM4 cells were treated with 200 μM PQ 2+ with or without 0.5 mM sodium dithionite. After 20 min, cells were washed with ice-cold PBS and then incubated with 50 μM DA in the presence or absence of 1 μM GBR12909 for 48 h. Another set of cells was incubated with 50 μM tyramine as a control. Cells were then trypsinized and incubated with 5 μM of the superoxide indicator dihydroethidium (Invitrogen) for 20 min before being analyzed for fluorescence intensity using flow cytometry. As a positive control, cells were treated with 30 μM H 2 O 2 for 1 h. Oct3 −/− and Oct +/+ littermates (10-12 wk old) were stereotactically implanted with microdialysis probes into the right striatum. After 2 h of equilibration, dialysates were collected every 30 min for 1 h before PQ 2+ injection (15 mg/kg,i.p.) for baseline measurements (pooled for 0 time point) and for an additional 3 h after the injection, followed by HPLC analyses for the level of PQ 2+ . Striatal levels of PQ 2+ peaked at 30 min after injection. No differences between genotypes were detected. Data represent mean ± SEM; n = 7 animals per group. In situ hybridization of three adjacent 20-μm sections hybridized with antisense oligonucleotides against the mouse Dat coding sequence in exon 1, exon 2, and exon 3. Due to unintended mRNA splicing. extremely low levels of Dat S/A mRNA in exon 2 were detected in the mutant mice. (C) PCR using a sense primer complementary to exon 1 (AGCGCGACTGGAGGCTTACAG) and antisense primer complementary to exon 3 (GCAGCTCCTTCTCTGTTGAAC), which should amplify a 483-bp fragment from the wild-type (WT) mRNA and a 629-bp fragment from the Dat S/A mouse mRNA due to the residual Loxp sequences and a small residual fragment from the targeting vector. However, due to aberrant mRNA splicing, only a smaller spliced variant was detected. The aberrant splicing was confirmed by sequencing. The three wild-type and two S/A samples were from independent animals.
Fig. S5. DA overflow induced by PQ
2+ is less pronounced and delayed compared with that of MPP + . Striatal stereotactic surgery and in vivo microdialysis method were performed as previously described (1) . The combination microdialysis probes (2-mm membrane, Bioanalytical Systems) were used in this experiment because these probes have an additional infusion cannula that exits at the tip, allowing for delivery of precise amounts of drug directly to the brain tissue being dialyzed by the surrounding microdialysis probe. These probes were inserted into the preimplanted intracerebral guide cannula in the right striatum of regular C57BL/6 mice and perfused with artificial cerebrospinal fluid at 2 μL/min using a syringe pump. After at least a 2 h of equilibration period, the dialysates were collected every 20 min. Control samples were collected for an hour before the infusion of PQ 2+ or MPP + (0.5 μL/min over a period of 4 min using a second syringe pump to deliver a total dose of 60 nmol). Striatal dialysates were collected every 20 min for an additional 4 h and measured for DA using HPLC. Data represent means of two animals per group. S4 . Mutant DAT hypomorphic mice are resistant to paraquat neurotoxicity. To assess the effect of PQ toxicity in these animals, DAT wild-type mice and their homozygous mutant DAT littermates (∼10 wk old) were injected with PQ 2+ (10 mg/kg, i.p., every second day for a total of 10 injections) or saline. Seven days after the last injection, mice were processed for striatal tyrosine hydroxylase positive immunoreactivity (A), HPLC measurement of DA content (B), or stereological cell counting (Fig. 5D) . Data represent mean ± SEM; n = 4-5 animals per group, analyzed by two-way ANOVA followed by the Newman-Keuls post hoc test.
